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Abstract — For the successful deployment of AHTR system, effective and robust high-
temperature heat transport systems is essential. Printed circuit heat exchangers are strong
candidate heat exchangers for intermediate loop or secondary loop of AHTR due to its high
power density and compactness. Recently, Idaho National Laboratory has been developing the
ARTIST facility to evaluate the thermal-hydraulic performance of PCHEs. The experimental
data from that facility will be used as the basis for validation of CFD simulation for PCHE. In
this work, the analytical methodology to evaluate the thermal-hydraulic performance of PCHE
accounting for heat loss is developed because the extraneous heat losses from heat exchanger
have an influence on the experimental data. In order to correctly compare experimental data
with the simulation results, the heat loss from heat exchanger must be determined and
incorporated. We employed the experimental data from straight-channel PCHEs with a high
temperature and pressure helium gases using HTHF at the Ohio State University. The
effectiveness of heat exchanger without accounting for heat loss was significantly dispersed
whereas it showed a good agreement with the effectiveness evaluated by e-NTU method when the
developed methodology is employed. This methodology would be used for the improved
evaluation of the heat exchanger performance, even though the heat loss of heat exchanger was

not quantified experimentally.

I. INTRODUCTION

Effective and robust high-temperature heat transport
systems are fundamental to successful deployment of
Advanced High Temperature Reactor (AHTR) systems
for both power generation and nonelectric applications.
Printed Circuit Heat Exchangers (PCHEs) are strong
candidate heat exchangers for intermediate heat transport
loops due to their very high power density, requiring
much less material per unit of heat duty compared to
conventional shell and tube heat exchangers. ldaho
National Laboratory (INL) has been developing a
computer code for the PCHE design and analysis [1], and
will construct the Advanced Reactor Technology Integral
System Test (ARTIST) facility to evaluate the thermal
hydraulic performance of PCHEs [2]. The experimental
data from the ARTIST facility will be used as the basis
for validation of Computational Fluid Dynamics (CFD)
simulations. In order to correctly compare experimental

results with the simulations, the extraneous heat losses
from the PCHEs must be determined and incorporated.
These heat exchangers operate at high temperature and
consequently, despite the use of external thermal
insulation, experience non-negligible heat losses to the
surroundings. The objective of this work is to develop an
analytical methodology for quantification of these heat
losses based on experimental data to evaluate and predict
the performance of the heat exchanger accurately.

Il. PCHES IN OSU HTHF

In an earlier study, performance data were acquired
from straight-channel PCHEs with a high-temperature
and high-pressure helium working fluid using the High-
Temperature Helium test Facility (HTHF) at The Ohio
State University (OSU) [3, 4]. Figure 1 shows the photo-
chemically etched metal plates of the OSU PCHE. In this
study, the experimental data from the straight-channel
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PCHE of OSU has been used for reference data. Figure 2
shows instrumentation and component layout of the OSU
HTHF. In this facility, two PCHEs, which have a same
design, were installed to evaluate their performances for
intermediate and high temperature conditions. There is
an elbow upstream of the pressure gauge (10a in Fig.2)
for PCHE1 hot side. The influence of this elbow on the
experimental data will be discussed.

(a)

(b)

Fig. 1. Straight pa:[tern and z-pattern of etched plates ((a) cold
channel, (b) hot channel) [3]
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Fig. 2. Instrumentation and component layout for HTHF [4]

The OSU PCHEs were fabricated from 1.63 mm
Alloy 617 plates with 2.0 mm diameter semi-circular
flow channels etched into one surface of each plate with a
channel pitch of 2.5 mm. Each plate had 10 hot and 10
cold plates with 12 channels per plate. The hot-side plate
included two 90-degree bends plus a straight center
section for a total flow length of 305 mm. The cold
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channels were straight-through with a flow length of 272
mm. The design parameters of the OSU PCHE are
tabulated in Table I.

Table I: Design Parameters of OSU PCHE [3]

Parameter HOt C.Old
Side Side
Channel pitch (mm) 2.5 2.5
Channel width (mm) 2.0 2.0
Plate thickness (mm) 1.63 1.63
Hydraulic diameter (mm) 1.22 1.22
Channel travel length (mm) 305 272
Number of plates 10 10
Number of channels in each plate 12 12
Channel cross section area (mm?) | 1.57 1.57
Free flow area (mm?) 188.4 | 188.4

I11. HEAT EXCHANGER PERFORMANCE
ANALYSIS

In the OSU experiments to evaluate PCHE
performance, the measured variables, such as inlet and
outlet temperatures, mass flow rates and pressures were
employed with analytical method such as e-NTU method
[4]. However, these methods do not take account for heat
loss from the heat exchangers, which can significant
since these heat exchangers operate at high temperature.
Hence the heat duty of heat exchanger based on the
experimental data will be overestimated when these
methods are employed without consideration of the heat
loss. This section presents an analytical method to
determine the heat duty of the heat exchanger accounting
for the heat loss to the surroundings. For this analysis, it
is assumed that only the inlet and outlet temperatures,
mass flow rates and pressures of hot and cold fluids are
known from the experiment. Figure 3 shows a heat
balance between the hot and cold fluids, accounting for
heat loss to the surroundings.

Hot side !
1 1
M, Tho ll— b 111, , T
1 Qpux 1
F---IF—--1 Plate wall
1 1

L 4
My, T, e—— “ﬁl Meo, Teo

1 : 1 .
1 H 1 Cold side
1 \ 1

1

Fig. 3. Schematic diagram of heat balance of the heat
exchanger considering heat losses



For the control volume around the hot-side fluid, using
the sign convention for heat transfer indicated in the
figure, energy conservation requires:

Qnet,h = Qloss,h + QHX

. 1)
= (mcp )h (Thi - Tho) =C,AT,
Similarly, for the cold side,
Qnet,c = QHX _Qloss,c (2)

= (me )c (Tco - Tci ) = CcATc

where C, and C. are the heat capacity rates of hot and
cold fluids, respectively.

Based on these energy balances, the heat loss from the
heat exchanger can be determined in consideration of the
combined hot and cold control volumes:

Qloss = Qloss,h + Qloss,c = ChATh - CCATC (3)

Consequently, the heat duty of heat exchanger, Qux,
could be expressed by:

QHX = ChATh - Qloss,h = CCATC + Qloss,c (4)

Here, a heat loss ratio, A, is defined to determine the
relative heat loss from each fluid.

Qloss,h = ﬂ'QIoss (5)
Qloss,c = (1 - Aploss (6)

where 0< A <1.

Assuming heat conduction and natural convection are the
primary mechanisms of extraneous heat loss, the heat
loss for each channel should be proportional to the
temperature difference between the fluid and the ambient
laboratory atmosphere. Hence, the heat loss ratio can be
estimated from the averaged temperatures of each fluid
and the ambient temperature as following:

Qloss,h _ ﬂ“Qloss _ Thvan -T.

= ()
Qloss,c (1 - ﬂ“ploss Tc,avg - Too
which yields
_ Th,avg - Too (8)
Th,avg + Tc,avg - 2Too
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where the averaged temperatures of the hot and cold
fluids are determined by:

1

Thavg = E(Tho +Thi) 9)
1
Tc,avg = E(Tco + Tci ) (10)

The heat duty of the heat exchanger can be also
expressed in terms of the overall heat transfer coefficient
(U), overall heat transfer surface area (A) and Log Mean

Temperature Difference (LMTD, AT, ):
Qux =UAAT,y, (11)

For a counterflow heat exchanger, the LMTD is defined
by:

ATLM — (Thi - Tco)_ (Tho _ Tci )
|n(Thi - Tco j (12)
Tho _Tci

From Egs. (3)-(6), the heat duty of heat exchanger could
be expressed by:

QHX = (1 - ﬂ’)ChATh + ﬂ'CcATc (13)

From Eg. (11) and Eq.(13), the product of overall heat
transfer coefficient and overall heat transfer surface area
is determined by:

(1-2)C,AT, + AC AT,
AT,y

UA=

(14)

The Number of Transfer Unit (NTU) is determined as
follows:

NTU = YA _ (1-2)C,AT, + AC AT, s)
CrinATom

min min

where the minimum heat capacity rate of heat exchanger
Chin is determined by:

c:min = min(Chvcc) (16)

Consequently, the empirical effectiveness of the heat
exchanger is determined as follows:



Qux _ (1= A)C AT, + AC AT,
Qmax Cmin (Thi - Tci )

&= (17)

IV. THE COLBURN ANALOGY

Colburn j-factor is used to characterize transport
phenomena occurring in the heat exchanger. The
Colburn j-factor is defined by:

Nu
Re.Pr¥
where Nu is Nusselt number, Pr is Prandtl number and St
is Stanton number.

j=St-Préf= (18)

The definitions of the dimensionless variables in Eq.(18)
are given by:

h hA _
Stanton number:  St= = A( : (19)
peu e,
Nusselt number:  Nu=— (20)
c
Prandtl number:  Pr=-" = htlad (21)
o k

where Dy, is the hydraulic diameter of semi-circular
channel of PCHE and A, is the cross-sectional area of
the flow channel.

To determine the Colburn j-factor for the given heat
exchanger, the convective heat transfer coefficient (h)
must be determined first. In this study, the mean
convective heat transfer coefficient of the heat exchanger
is used to determine the Colburn j-factor. The mean
convective heat transfer coefficient for each channel is
determined by:

_ 0y
" AAT @)
_ Qu
= AAT @3)

where A, and A are the heat transfer surface areas,
ATy p and ATy, ., the local LMTDs of the hot and

cold channels.

The local LMTD of each channel is determined by:

AT, — AT,
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AT, — AT,
AT\ ye = [—In(ATO JAT )l (25)
and
ATo = (Tw _Tm )o (26)
AT, = (T, ~To ) (27)

where T,, is the wall temperature and T, is the mean
(bulk) temperature of fluid.

If the temperature difference across the wall
separating the hot and cold channels is negligible, it can
be assumed that the temperature across the wall is
constant. Since the wall thickness between the hot and
cold channels in PCHE is very small, and the heat
transfer mechanism in the wall is conduction, the wall
temperature at any axial location can be estimated by
averaging the bulk temperatures of hot and cold fluids at
that location. Therefore, the wall temperature is
determined by:

W(X): Tm,h(X);'Tm,c(X) (28)

For the counterflow heat exchanger, the mean
temperature of the wall at each end could be expressed as
follows:

L @)
(T, = (M), =20 )

Substituting EQg.(29) and Eq.(30) into Eq.(26) and
Eq.(27) yields the temperature differences between the
fluid and wall at the inlet and outlet as follows:

(8T, = (o), ~Tyo = )
(AT, = (), ~Tyg =1 @)
(8T, = (o), =T =112 )
(AT,), =(Ty), - Ty = @ (34)

Substituting Egs.(31)-(34) into Egs.(24) and (25) yields
the local LMTD of each channel:



[ AT, —AT, AT, - AT,
M Un(aT AT ), (Ta =T | 39)
Tco _Th
A LM,c =

In(ATo/ATi) ¢ ) 2|n[Thi _TCOJ (36)

Consequently, the mean convective heat transfer
coefficient of each channel could be determined by:

—  (A-1)C,AT, - ACAT, , (T, —Tw
2T, —ar) Tt @
= (1-2)C,AT, + ACAT,  (T,—T,

hC - (’Ab /ZXATh - ATC) i Tho _Tci (38)

Apart from the heat transfer characteristics, the
pressure loss also has to be looked at and is an important
factor to determine required pumping power. For the
Colburn  analogy to determine the transport
characteristics of heat exchanger, the frictional loss needs
to be analyzed. However, it is very difficult to measure
the frictional loss directly. The only pressure data that
could be measured in the experiment was the overall
pressure drop across the heat exchanger. The overall
pressure drop of the PCHE measured in the experiment
includes the frictional loss, form losses at the inlet and
outlet plenums (entrance and exit losses), form loss due
to the bends in the channel and a minor loss due to the
flow acceleration (or deceleration). Hence the measured
overall pressure drop is given by:

AI:)net = AI:)fric + ZAPform + APacqsel (39)

Since the hot channel has two 90-degree bends, the total
pressure loss of hot fluid side is bigger than the cold fluid
side that is a straight channel. The respective form losses
of the hot and cold channels are given by:

AI:)form,h = AI:)Ent + AI:)B
AP

form,c

ends AI:)Ext (40)
= AP, + AP, (41)

The form loss at the entrance consists of the pressure loss
due to the area change at the entrance and irreversible
momentum loss associated with the flow separation and
secondary flow at the vena contracta. Hence the form loss
at the entrance is given by:
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2

AP = (10?1 K, | 2= (42)

Ent c 2p
i

where p; is fluid density at the entrance, G is the mass
flux of fluid flow, ¢ is the ratio of core free-flow area to
frontal area, and K. is contraction loss coefficient. For the
OSU PCHE design, ¢ is 0.087 and K. is 0.5 [5].

In the similar manner, the form loss at the exit is given
by:

2
AP =(1-02 - KE(Z%J (43)

where p, is fluid density at the exit, and K. is exit loss
coefficient (=0.85) [5].

The form loss due to the bends in the hot channel can be
estimated by:

o+ G?
AI:)Bend = KBend (pl pO)[zp J (44)
i

where Kgeng iS the form loss coefficient due to the bend
(=1.202) [6].

0

The minor loss due to the flow acceleration or
deceleration is given by:

2
AI:)accel = G_ 2 &_1 (45)
2,0i Po

The frictional losses of hot and cold side are given by:

2
Apfric,h = (ZG_j 4 fh i(MJ (46)
h h

i Dhy Zpo
G? L 4+
APfric,c = (_] 4 fc _C[Mj (47)
2IOi c Dhy Zpo c

From Eqgs. (39)-(47), the friction factor of each side is
determined by:

( piAPnet j_(l_o_z)
Dpy (p*+1b2 2

fo— —hy

T (K=K Kews (o7 1) (48)

2(p"+1) 2 (" +1) N




piAPnel _ (1_0-2)
. _ Dy [l +1)? 2
oL, K -K) (p7-1)
20" +1) (0" +1)),
where p” is the ratio of fluid densities at the inlet to the
outlet (o =p; Ip,), Ly and L. are the travel lengths of hot
and cold channels.

(49)

V. ANALYSIS OF OSU PCHE EXPERIMENTAL
DATA

The experimental test matrix for the OSU PCHE
experiments is tabulated in Table Il. For the given
experimental matrix, 141 tests were conducted.

Table 11: OSU PCHE Experimental Matrix [3]

Parameter PCHE1 PCHE 2

Cold | 1.03-2.71 | 1.02-2.68

Pressure (MPa) - = 10,0826 | 1.01-2.66
Inlet temperature | Cold 85-188 170-390

(°C) Hot 208-376 297-790
Cold 15-49 15-49
Flowrate (kg/h) =0 T 1549 15-49
Reynolds number | Cold | 950-3750 | 800-3200
of channel Hot | 950-3750 | 800-3200

The PCHE inlet temperature and pressure were
varied from 85 to 390C and 1.03 to 2.71 MPa,
respectively for the cold side and 208 to 790°C and 1.02
to 2.68 MPa, respectively for the hot side, while the mass
flow rate of helium was varied from 15 to 49 kg/h. This
range of mass flow rates corresponds to PCHE channel
Reynolds numbers of 950 to 3750 for the cold side and
800 to 3200 for the hot side (corresponding to the
laminar and laminar-to-turbulent transition flow
regimes).

The two PCHES and the hot and cold sides of each
PCHE were arranged in series such that the mass flow
rates for each test were exactly the same for both PCHES’
and also for both sides. Since the specific heat of helium
is constant, the heat capacity rates of hot and cold-side
fluids were always the same for each test. Therefore, the
minimum, hot and cold side heat capacity rates in
EQ.(17) are same in this analysis.

Figure 4 shows the estimated heat losses for the hot
and cold sides. The heat loss of the hot side is larger than
that of cold side as expected. As the LMTD increases, not
only the amount of heat loss increases, but also its
distribution was spread out. Dispersed heat loss implies
that the effectiveness of heat exchanger based on the
experiment data without accounting heat loss would have
large uncertainty.
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The amount of heat loss cannot be neglected as
shown in Fig. 5. The ratio of heat loss to the heat duty
averaged ~5%, with some values as high as 21.5%. The
performance of the heat exchanger cannot be evaluated
correctly without considering the heat loss. Another
reason why the heat loss should be considered is because
unreasonable experimental data (unphysical data, as can
be seen in Fig.4, bottom most data points) could be
detected from the heat loss analysis. The amount of heat
loss must be a positive value, because there is no
mechanism for external heat addition to the heat
exchanger. However, two cases which have apparent
negative heat loss were observed in Figs. 4 and 5.
Measurement errors in those cases must be investigated
to ensure the validity of the experiment.

10 Experimental Heat Loss
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Fig. 4. Absolute heat loss in the OSU PCHE experiment
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Fig. 5. Ratio of heat loss to heat duty in the OSU PCHE
experiment

Generally, the e&-NTU method is used to determine
the effectiveness of heat exchanger for given
specifications and required operating conditions. As for



the counterflow heat exchanger, the effectiveness of heat
exchanger is calculated by:

1-exp(-NTU(1-C,))
E =
1-C,exp(- NTU(1-C,))
where C, is the heat capacity ratio (C; = Cpin/Crnax)

(50)

Figure 6 shows the effectiveness-NTU plot of the
experimental data. The line in the figure is the analytical
solution by e-NTU method. As aforementioned, because
the heat capacity rates of hot and cold sides in the OSU
PCHE experiment were same, the heat capacity ratio of
the experimental data is 1.0. The effectivenesses
calculated based on the inlet and outlet temperatures
without accounting heat loss were widely spread out
whereas the effectiveness evaluated by Eq.(17) shows
good agreement with the analytical solution. The
experimental uncertainty associated with heat loss could
be significantly reduced by this methodology. When the
heat loss was not accounted, the effectiveness of hot side
was overestimated while that of cold side was
underestimated. These results are corresponding to the
Nusselt number of each side.

The effectiveness evaluated by this methodology
includes the effect of thermal insulation. The
effectiveness of the OSU PCHE evaluated by this
methodology ranged from 0.65 to 0.75. Generally, the
effectiveness of heat exchanger for the industrial
application is required to be higher than 0.85. In this
aspect, the PCHE design needs to be improved to achieve
its acceptable performance for the high temperature
helium application.

0.85 Effectiveness vs NTU

0.60 i Not Accounting For Heat Loss — Hot Side

% . Not Accounting For Heat Loss — Cold Side

., . o Accounting for Heat Loss
.
.

Countereurrent Flow — Theoretical

0‘5%.5 2..0 2.5 3.0 3.5 4.0
NIU
Fig. 6. Effectiveness-NTU plot of the OSU PCHE experiment

Figures 7 and 8 show the Nusselt numbers of hot and
cold channels, respectively. The Nusselt number for the
fully-developed laminar flow in a straight semi-circular
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channel is tabulated in Table Ill. T thermal boundary
represents the constant wall temperature boundary
everywhere, H1 thermal boundary represents uniform
wall heat flux boundary axially with constant
temperature circumferentially and H2 thermal boundary
condition represents uniform wall heat flux but in the
absence of peripheral wall conduction.

Table 111: Nusselt Numbers in a Straight Semi-Circular Channel

[7,8,9]
Boundary type Nu
T thermal boundary [7] 3.323
H1 thermal boundary [8] 4.089
H2 thermal boundary [9] 2.923

The Nusselt number of the cold side in the laminar
flow regime was slightly higher than that of H1 thermal
boundary while that of hot side was between H1 and T
thermal boundaries. Hesselgreaves [8] recommends using
the Gnielinski correlation [10] for the semi-circular
channel, which is valid for Reynolds number from 2300
to 5x10° and Prandtl number from 0.5 to 2000. The
Gnielinski correlation for the semi-circular channel is
given by:

_ (f/2)Re—-1000)Pr
14127, /2(Pr2 -1

2
f 21 ; (52)
4{1.8logRe—15

As shown in Figs. 7 and 8, the experimental data
shows a good agreement with Gnielinski correlation in
the turbulent flow regime. We note that the Gnielinski
correlation could predict the Nusselt number for
Reynolds numbers lower than its stated limit. For the
straight semi-circular channel, the Gnielinski correlation
is deemed to be valid for Reynolds number from 1800.

The heat transfer characteristics of heat exchanger
can be plotted in terms of Colburn j-factor as shown in
Figs. 9 and 10. In the laminar regime, the Colburn j-
factor agreed with that calculated with the Nusselt
number of H1 boundary. In the transition regime from
laminar to turbulent, the Colburn j-factor increases with
increasing Reynolds number. Due to this effect of
transitional flow, the Colburn j-factors for Reynolds
numbers ranging from 1500 to 2000 were higher than the
values calculated based on the Nusselt numbers for fully-
developed laminar flow. As aforementioned, in the
turbulent regime for Reynolds numbers over 1800, the
Colburn j-factor in the turbulent regime shows a good
agreement with the Gnielinski correlation.

(51)
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Figure 11 shows the friction factors as a function of
Reynolds number on the hot and cold sides. The pressure
loss on hot side shows two different trends. This is due to
the configuration of the experimental facility. As shown
in Fig.2, there is an elbow upstream of the pressure
gauge for PCHE1 hot side. Mylavarapu [3] mentioned
that this elbow causes an additional pressure drop on the
hot side due to the effect of secondary flow. In this case,
the location of the pressure sensor has a significant
influence on the data. The pressure at this region is
similar to the pressure change across an orifice. The local
flow velocity affects the measured pressure. For instance,
if the pressure tap is located inside of the elbow where
the flow velocity is low, the measured pressure is higher
than average value such that the pressure drop will be
overestimated. Existing empirical correlations for the
pressure drop across the bend are not available for
estimating this local variation of flow velocity. Therefore,
in a design point of view, the bend at the upstream of
heat exchanger entrance should be avoided.

Fanning Friction Factor

0.06
©  fhot
® feold
0.05}
1 1 2
fﬁi(l.ﬁfog(l?r)—l_ﬁ)
. - f=15.767/Re
Sy Sg - f=24.8/Re™™ 10.00001 Re"*
&
0 500”% i o f=33.15/Re"® +0.00001Re"
o
N \ % 0 gy o
=003 g0 0 (BT, PCHEL
HAE R T o
A‘. %Qj od® o™
a‘& Sl . PCHE2
0.02", . )
oy CR-doe o
-~ s won)y o = *
0.01F el o - ]
0.00 ‘ ‘ ‘ ‘ ‘ ‘
1000 1500 2000 2500 3000 3500 4000
Re

Fig. 11. Fanning friction factor of OSU PCHE experiment



As shown in figure above, turbulent friction factor
correlations underestimated the friction factor in both
transition and turbulent regimes. Since the OSU PCHE
experimental conditions were concentrated in the laminar
regime, additional experiments are required to
investigate the performance of these PCHEs in the
turbulent regime. In the laminar flow regime,
Hesselgreaves [8] suggested that the product of friction
factor and Reynolds number for fully developed laminar
flow in a semicircular channel is 15.767. Because the
size of flow channel is in the order of millimeter,
fabricating tolerance has significant influence on the
pressure loss of PCHE. However, it is practically
impossible to inspect the inside of heat exchanger to
figure out the reason why experimental friction factor is
higher than that suggested by Hesselgreaves because
PCHE is fabricated by the diffusion-bonding technique.
As shown in Fig.11, theoretical friction factor correlation
did not predict experimental data correctly. Hence, we
fitted the curves which can predict the experimental
fanning friction factor within the error of £+ 7.0% as
shown in Figs. 12 and 13. The empirical correlations for
the friction factor of hot and cold side, valid for 860 < Re
<2300, are given by:

24.8

fcorrelatim,cold = W + O'OOOOIReO.a (53)
33.15
fcorrelatim,hot = W + O'OOOOJReO'SZ (54)

The correlation’s shown in equations above are
specific to the current geometry (as can be seen in Fig. 1)
and further validation for other PCHE types needs to be

carried out before a validated conclusion could be derived.
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VI. CONCLUSIONS

In this work, an analytical methodology was
developed to evaluate the thermal-hydraulic performance
of compact heat exchangers, specifically focusing on
PCHEs, accounting for the heat loss from the heat
exchanger. The experimental data of OSU PCHEs were
analyzed by this methodology. The following points
summarize the results:

e In order to evaluate the effectiveness of heat
exchanger correctly, the heat loss of heat exchanger
must be properly accounted. The experimental
uncertainty was significantly reduced by accounting
heat loss.

e Heat loss analysis provided the additional
information establishing for the validity of the
experiment. Unreasonable  and unphysical
experimental data could be detected by this
methodology.

e Convective heat transfer coefficients of channel were
derived by accounting heat loss to improve the
accuracy of Colburn j-factor which is a major factor
for determination of the thermal-hydraulic
performance of heat exchanger.

e The empirical correlations for the laminar frictional
loss showed a good accuracy within the error of +
7%.

In conclusion, the developed methodology could be
applied to evaluate the heat exchanger performance
accurately, even though the heat loss of heat exchanger
was not quantified experimentally.
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NOMENCLATURE

Overall heat transfer surface area, m?
Heat capacity rate (=r-c,), W/K
Specific heat, J/(kg-K)

Diameter, m

Friction factor

Mass flux, kg/(m?-sec)

Convective heat transfer coefficient, W/(m?-K)
Colburn factor

Thermal conductivity, W/(m-K)

Form loss coefficient at bend
Contraction loss coefficient

EXxit loss coefficient

Travel length, m

Mass flow rate, kg/sec

Number of transfer unit

Nusselt Number

Pressure, Pa

Prandtl number

Heat load, W

Reynolds number

Stanton number

Temperature, K

Overall heat transfer coefficient, W/(m?-K)
Flow velocity, m/sec

Volume, m*

Thermal diffusivity, m?/sec
Differential

Effectiveness

Heat loss ratio

Dynamic viscosity, Pa-sec

Kinematic viscosity, m%/sec

Density, kg/m?

Ratio of fluid densities at inlet to outlet
Ratio of core free-flow area to frontal area

Acceleration
Averaged

Bends

Cold fluid
Entrance

Exit

Form loss
Frictional loss

Hot fluid

Heat exchanger
Hydraulic diameter
Inlet

Log mean temperature difference
Heat loss

Bulk

Maximum
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